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Abstract

The model of an energy selective electron (ESE) heat engine with filter heat conduction via phonons is
presented in this paper. The general expressions for power output and efficiency of the ESE heat engine
are derived for the maximum power operation regime and the intermediate operation regime,
respectively. The optimum performance and the optimal operation regions in the two different operation
regimes of the ESE heat engine are analyzed by detailed numerical calculations. The influences of filter
heat conduction and the temperature of hot reservoir on the optimum performance of the ESE heat engine
are analyzed in detail. Furthermore, the influence of resonance width on the performance of the ESE heat
engine in intermediate operation regime is also discussed. The results obtained herein have theoretical
significance for understanding and improving the performance of practical electron energy conversion
systems.
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1. Introduction

Recently, the study of energy conversion systems in microscopic scale is attracting considerable
interests. Typical examples of these systems include thermionic power generators and refrigerators [1-
11], Brownian motors [12-23], quantum ratchet [24-29], and so on. For the thermionic energy conversion
systems, heat transfer is achieved by removing high energy electrons from one reservoir to the other, and
all the devices use barriers or other energy selection mechanisms such as resonant tunneling to limit the
current flowing in the device to electrons in particular energy ranges [1-3, 30]. While Brownian motors
usually use the temperature differential [31, 32] as the source of non-equilibrium to power a ratchet,
which combines asymmetry with nonequilibrium process to generate directed motion of Brownian
particles. In a quantum ratchet, the classical Brownian particles in the rocked ratchet are replaced by
guantum particles, which have the ability to tunnel through narrow barriers and to be wave-reflected
from sharp barriers. Comparing the quantum ratchet with the classical ratchet, it can be found that not
only the height of a potential barrier but also the shapes of the ratchet potential have been changed in the
guantum ratchet system. Reimann et al. [24] theoretically predicted the existence of the temperature
dependent net current reversal for quantum particles in a rocked ratchet, and it was observed in the
experiment by Linke et al. [25] for electrons in ballistic transport regime. Yukawa et al. [26] proposed
two models of quantum ratchet and studied the finite net flow produced in them. Khrapai et al. [27, 28]
studied the quantum ratchet phenomenon of quantum point contacts. Hoffmann and Linke [29] found
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that a two-terminal quantum dot bridging a temperature difference could operate as a thermometer by
probing the Fermi-Dirac distributions of the electron gas on both sides of the quantum dot and discussed
the three different operation regimes of the device.

Based on the experimental work [25, 33-35] on quantum ratchet, Humphrey et al. [36] and Linke et al.
[37-38] studied the performance of quantum ratchet acting as a heat pump. Humphrey et al. [39] further
proposed a novel mechanism of quantum Brownian heat engine model for electrons. This mechanism
combines the energy selective property of electrons in thermoelectric and thermionic systems with the
temperature differential driving property of Brownian heat engine, and it is termed as the energy
selection electron (ESE) heat engine [40]. The ESE heat engine utilizes a temperature difference between
two electron reservoirs to transport high energy electrons against an electrochemical potential gradient.
The electrons are transported between the two reservoirs through an energy filter, which freely transmits
electrons in a specified energy range and blocks the transport of all others. Such an energy filter could be
realized by the resonance in a quantum dot [39, 41] or a superlattice [42, 43]. It was shown that the ESE
heat engine could operate at Carnot efficiency when the energy of the filter was suited at which the Fermi
distributions in the two reservoirs had the same value [39]. This was called the reversible operation
regime of operation of the ESE heat engine.

Such an energy selective electron heat engine is of theoretical significance to thermionic power
generators and refrigerators. Thermionic power generators and refrigerators are actually energy selective
systems, for they utilize an energy barrier to selectively transmit high energy electrons ballistically
between the reservoirs. Because of the lack of a kind of barrier material with sufficiently low work
function [1, 2], traditional vacuum thermionic devices with macroscopic gaps between emitter and
collector plates are limited to very high temperature applications (T, >1000K ). Nanostructures are being

investigated in an attempt to develop thermionic devices that can refrigerate or generate power at low
temperature [3, 4], and successful solid-state thermionic cooling of up to a few degrees has been reported
[42, 44]. The transmission of electrons in these nanostructures devices share the same way as the ESE
engine system discussed in this paper. The results obtained in Refs. [39, 40] have already been applied to
study the performance of thermoelectric and thermionic energy conversion systems [9-11, 45-49].

In the past few decades, there has been tremendous progress in the investigation on the performance
characteristics and optimization of conventional macroscopic energy conversion systems by scientists
and engineers using finite time thermodynamics [50-59]. Performance optimization and the transmission
losses between the reservoirs in energy conversion systems are two major considerations in finite time
thermodynamics. Recently, the theory of finite time thermodynamics has also been used to study the
performance of microscopic energy conversion systems, such as Brownian ratchet [60-66], molecular
motors [67], quantum ratchet [68, 69] and electron engines [40], and many new results have been
obtained. Velasco et al. [60] and Tu [65] studied the optimal performance of the Feynman engine using
the method of finite time thermodynamics. And the optimum performance of thermal Brownian motors
was also investigated by some authors [61-64, 66]. Schmiedl and Seifert [67] analyzed the efficiency
performance of molecular motors at maximum power condition. Esposito et al. [68] identified the
operational conditions for maximum power of a nanothermoelectric engine consisting of a quantum dot
embedded between two leads at different temperatures and chemical potentials, and found that the
thermoelectric efficiency at maximum power agrees with the expression for Curzon-Ahlborn efficiency
[70] up to quadratic terms. Esposito et al. [69] investigate the finite time thermodynamics of a single
level fermion system interacting with a thermal reservoir through a tunneling junction.

As to the electron heat engine systems, Humphrey [40] analyzed the optimal performance of ESE heat
engine operating at maximum power operation regime and intermediate operation condition (i.e. between
maximum power operation and reversible operation), respectively. Similar to the conventional energy
conversion systems, there also exist the transmission losses in the electron engine systems. In fact, the
filter in the electron engine will conduct heat between the two electron reservoirs due to the propagation
of phonons. This heat leak between hot and cold reservoirs should have significant influence on the
performance of an electron heat engine. And results of previous researches [71-73] have shown that the
heat conduction by the barrier material is of great importance for the performance of electron energy
devices, such as thermoelectric and thermionic power generators and refrigerators. He et al. [74] studied
the optimum performance of an electron refrigerator with heat leaks in the intermediate operation regime.
Ding et al. [75] analyzed the influences of filter heat conduction on the optimum performance of the ESE
refrigerator in both maximum cooling load operation regime and the intermediate operation regime.
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However, results about the ESE heat engine model in Refs. [39, 40] are obtained with out considering the
heat conduction of the filter due to the propagation of phonons. So far, the optimum performance of the
ESE heat engine with filter heat conduction via phonons and the influence of this heat conduction on the
performance of the heat engine have been rarely investigated. Thus, based on Refs.[39, 40, 74, 75], this
paper takes a further step to present an ESE heat engine model with heat conduction of the energy filter
via phonons, and to analyze the optimum performance of the model as well as the influence of the heat
conduction of the filter. The general formula for power output and efficiency of the ESE heat engine are
derived for the maximum power operation regime and the intermediate operation regime, respectively.
Through numerical calculations, for the two different operation regimes, the optimum regions of power
output and efficiency are obtained and the influences of heat conduction as well as the temperature of hot
reservoir on the optimum performance of the device are analyzed in detail. The influence of the
resonance width on the power and efficiency characteristic of the ESE heat engine at intermediate regime
is also discussed.

2. Model of an ESE heat engine with filter heat conduction

The schematic diagram of an ESE heat engine with filter heat transfer is shown in Figure 1. It consists of
two infinitely large electron reservoirs and an energy filter. The two reservoirs have different
temperatures and chemical potentials, where T. and T, are the temperatures of cold and hot reservoirs,
4. and g, are the chemical potentials of cold and hot reservoirs. They interact with each other only via
the energy filter which freely transmits electrons with a specified range of energies. Meanwhile, the filter
itself has a thermal conductivity Kk, and contributes to the heat transfer between the two reservoirs. In

Figure 1, E, is the central energy of the resonance energy level in the energy filter, AE is the width of
the resonance, eV, is a bias voltage that is applied to the hot reservoir.
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Figure 1. Schematic diagram of fhe ESE heat engine with filter heat conduction

According to the above description for the model, one can conclude that the heat transfer between the
two reservoirs consists of two parts: one is the heat that is transferred by the electrons transmitted
through the filter, and another is that transferred by the filter itself due to the propagation of phonons.
Over an infinitesimal energy range ¢, the rate of released heat of the hot reservoir and the rate of
absorbed heat of the cold reservoir by the transmitted electrons are [39, 40]

0o =§(E—ﬂH)(fH _1)5E (1)
e, =§(E—uc>(fH ~1,)5E @)

where h is Plank constant, and f. and f,, are the Fermi distributions of electrons in the cold and hot
reservoirs,

fe ZM% oy ZW (3)
where k, is Boltzmann’s constant.

While the rate of heat transferred from hot reservoir to cold reservoir by the filter itself is

Q =k (Ty —Tc) 4)
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The heat conduction of the filter defined by equation (4) is similar to the bypass heat leakage of
conventional heat engine provided by Bejan [76].

According to Ref. [39], the ESE heat engine could operate at Carnot efficiency when the energy of the
filter is suited to E, = (T, sc —To 4, )/(T,, —T¢), at which the Fermi distributions in the reservoirs have the

same value. This is called the reversible operation regime of the ESE heat engine.

3. Performance analysis in maximum power operation regime
It was shown in Ref. [40] that, in the energy range of E, < E <, electrons contribute positively to the

power of the engine. So, in order to obtain the maximum power of the engine, all electrons with energies
higher than E, should participate in the transport, while all electrons with energies below that should be

blocked. This is called the maximum power operation regime of the ESE heat engine.
Thus, the rates of heat transferred by electrons at maximum power operation regime are

Qu = I, e =2 [ (€~ )y~ To)dE ©)

Qo= [t =2 ], (E—si)(f — fo)dE ®)
Combining equations (4)-(6) gives the total lost amount of heat of hot reservoir per unit time (Q,, ) and
the total increased amount of heat of cold reservoir per unit time (Q. ):

QH :QHe +Qf vQc :QCe +Qf (7)
Using the first law of thermodynamics and combining equations (4)-(7), one can obtain the power and
efficiency at this regime

L 2
P.=Q, -Q :—Fro(kBTH —kgTc)’ Ina 8)
- Qc 2r, (k. T,, —k,T.)? Ina )
" QH Z(ﬂc_ﬂH )kBTH Ina_kBZ(THZ_Tcz)lnza_ZkBZ(THz_Tcz)g(a)_hkf(TH _Tc)
where r,, a and the function g are defined as, respectively
He — ev x Int
r, = ,a = y X) = _dt 10
P ke(Ty-To) ' 1+e® 909=], 1-t (10)

It can be seen from equation (8) that the power output P, is independent of k, and the filter heat
conduction will not affect the power output P, performance of the ESE heat engine in maximum power

operation regime. To illustrate the preceding analysis, numerical examples are provided. In the
calculations, itis setthat T, =2K, T, =1K, . /k; =12K and g, /k; =10K .

Figure 2 shows the influence of the temperature of hot reservoir T, on the power output P, versus r,
characteristic in maximum power operation regime. It can be seen that the characteristic curves of P, —r,
are parabolic like ones. There exists the optimum r, . - which leads to the maximum power output

Pm,max "

The maximum power output B, . increases while r,, doesn’t change as the temperature of hot

reservoir T, increases.

Figure 3 shows the influence of the temperature of hot reservoir T, on the efficiency 7, versus r,
characteristic in maximum power operation regime with k, =1.5x10™W/K . It can be seen that the
characteristic curves of 7, —r, with filter heat conduction are parabolic like ones. There exists the
optimum r, ~ which leads to the maximum efficiency #, ... Both the maximum efficiency 7, .., and
the optimum r, will increase as the temperature of hot reservoir T,, increases.

Figure 4 shows the influence of heat conductivity k, on the efficiency #, versus r, characteristic in
maximum power operation regime. It is shown that when k, =0, the efficiency in maximum power
regime 7, is a monotonic increasing function of r, and it tends to Carnot value of T, /(T,, —T.)=0.5 for
large values of r,, as shown by the solid line in Figure 4; when k, =0, the curves of 7, —r, are
parabolic-like ones, as shown by the dashed line and dotted line in Figure 4. The maximum efficiency
ma @nd the optimum r, - will decrease with the increase of heat conductivity k .

m, max
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Figure 2. Influence of the temperature of hot reservoir T, on the power output P, versus r, characteristic
in maximum power operation regime with k, =1.5x10W/K
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Figure 3. Influence of the temperature of hot reservoir T, on the efficiency », versus r, characteristic in
maximum power operation regime with k, =1.5x10™W /K
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Figure 4. Influence of heat conductivity k, on efficiency 7, versus r, characteristic in maximum power
operation regime

Figure 5 shows the power P, versus efficiency n, characteristic for the ESE heat engine in maximum
power regime. When there is no filter thermal conduction in the system (k, =0), the curve of P, -5, isa

parabolic-like one, as shown by the solid line in Figure 5. There exists an optimum efficiency which
leads to the maximum power output. When the filter thermal conduction is taken into account in the
system, i.e. k, =0, the curves of P, -7, are closed loop-shaped ones, as shown by the dashed line and
dotted line in Figure 5. There exist the maximum power output P, . and its corresponding optimum
efficiency 7, , as well as the maximum efficiency £, . and its corresponding optimum power output
P,

+1im
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The optimum operating regions of the ESE heat engine should be located in the regions where the
P,—n, curves have a negative slope. It is obvious that when the ESE heat engine operates in this region,

there exist two different efficiency for a given power output. One is smaller than 7, , and the other is
larger than 7, , . Obviously, for a given power output, one always wants to obtain the efficiency as large

as possible. Thus, in the maximum power output operation regime, the optimal region of the efficiency
should be

77m,Pm < 77m < nm,max (11)
where 7., and 7, ., are two important parameters that determine the lower and upper bounds of the
optimum efficiency. The optimal operating region of the power output should be

Pos £ PnER (12)

m, max

Where P,, and P, . are two important parameters that determine the lower and upper bounds of the
optimum power output. Moreover, the optimal region of the parameter r, should be

fop <IH<T, (13)
10"
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Figure 5. Influence of heat conductivity k, on power output P, versus efficiency #, characteristic in
maximum power operation regime

4. Performance analysis in intermediate operation regime

In intermediate operation regime, electrons with a finite energy range of AE around central energy Eg
are transmitted through the filter. This regime can be understood to be intermediate to the reversible
operation regime with maximum efficiency and the maximum power operation regime discussed above.
In the system, central energy E is set as the primary variable. The rates of heat transferred by electrons
in intermediate operation regime are [40]

Eq+AE/2 q Eq+AE/2

:_J.ER _AEJ2 O J.ER—AE (B —p)(fyy — fc)dE (14)
ER+AE/2 . ER+AE/2

:_IER ~AE/2 Ocd IER AE/2 (B —pe)(Fy — Te)dE (15)

Combining equations (4) with (14)-(15) gives the total lost amount of heat of hot reservoir per unit time
(Q, ) and the total increased amount of heat of cold reservoir per unit time (Q. )

QH :QHe+Qf 1Qc :QCe+Qf (16)
The power and efficiency of the ESE heat engine operated in intermediate operation regime are
R+A /
= Qu Qe = 20 e~ (B~ Fo)E (17)
us :(QH _Qc)/QH :1_Qc/QH (18)

It can be seen from equation (17) that the power output P is independent of k, and the filter heat

conduction will not affect the power output P performance of the ESE heat engine in intermediate
operation regime.
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Similarly, a numerical example is provided to show the characteristic of the ESE heat engine in
intermediate operation regime with given temperatures and potential energy, i.e. T, =2K, T, =1K,

ue /k =12K and g, /k =10K..
Figure 6 shows the influence of the temperature of hot reservoir T, on the power output P versus

central energy E, characteristic in intermediate operation regime. It can be seen that the characteristic
curves of P —E,/k, are parabolic like ones. There exists the optimum central energy (E,/kg), Which
leads to the maximum power output P . The maximum power output P increases while optimum
central energy (E; /kg), decrease as the temperature of hot reservoir T, increases.

Figure 7 shows the influence of the temperature of hot reservoir T, on the efficiency 7, versus central
energy E, characteristic in intermediate operation regime with k, =1.5x10™W/K and E,/k, = 2.0K . It
can be seen that the characteristic curves of », —E; /k, with filter heat conduction are also parabolic like
ones. There exists the optimum central energy (E,/ky), Which leads to the maximum efficiency 7% ., .
The maximum efficiency # ., increases and the optimum central energy (E,/k,), decreases as the

temperature of hot reservoir T,, increases.
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Figure 6. Influence of the temperature of hot reservoir T, on the power output P, versus central energy
E, characteristic in intermediate operation regime with k, =1.5x10™W/K and AE/k, =2.0K
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Figure 7. Influence of the temperature of hot reservoir T, on the efficiency », versus central energy E,
characteristic in intermediate operation regime with k, =1.5x10™W/K and AE/k, = 2.0K

The influence of resonance width AE on the power output P. versus central energy E, characteristic is
shown in Figure 8. One can see from Figure 8 that both the maximum power output P . and its
corresponding optimum central energy (E, /ky), Will increase with the increase of resonance width AE .
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As the central energy E. decreases and approaches the special energy E,
(Eo/kg = (Tt —Teasy)/ (ke Ty —kT.) =14), the power output decreases and becomes negative. This is
because only in the energy range of E, <E, <, electrons contribute positively to the power output of
the heat engine. If E, < E,, the electron engine system will behave as a refrigerator.

x10™°
1.0
| . —— AE/k=0.5
0.8 | - - - AE/k=2.0
- S AE/k,=3.0

10 15 (E k), 20 25 30
E/k, (K)

Figure 8. Influence of resonance width AE on the power output P, versus central energy E,

characteristic

Figure 9 and Figure 10 show the influence of resonance width AE on the efficiency 7, versus central
energy E, characteristic for given thermal conductivity k, . It can be seen that the characteristic curves
of n —E,/ks with (k, #0) or without (k, =0) filter heat conduction are all parabolic like ones. When
k; =0, the maximum efficiency 7, decreases and the optimum central energy (E./kg), increases as
the resonance width AE increases. When k, =0, the maximum efficiency # ., first increases and then
decreases while the optimum central energy (E,/k;), increases as the resonance width AE increases.

Especially, the characteristic curves of power output P, versus efficiency », in intermediate operation
regime are shown in Figure 11 and Figure 12. It can be seen that the characteristic curves of P, versus 7,
are all loop-shaped ones. There exist the optimum efficiency 7, , corresponding to the maximum power
output B, as well as the optimum power output B, corresponding to the maximum efficiency 7%, .

Thus, in the intermediate power output operation regime, the optimal regions of the efficiency of the ESE
heat engine should be
77i,Pi < 77i < Ui,max (19)

where 7, and /£ . are two important parameters that determine the lower and upper bounds of the

optimum efficiency. The optimal operating regions of the power output should be
P,EPREP

i,max

(20)

where P, and P, are two important parameters that determine the lower and upper bounds of the

optimum power output. And the optimum regions of the central energy E, should be

(ER/kB),,i S(ER/kB)S(ER/kB)F’i (21)
Figure 13 shows the influence of heat conductivity k, on the efficiency 7 versus central energy E,
characteristic for given resonance width AE . It shows clearly that as the heat conductivity k, increases,
the maximum efficiency # ., will decrease while the optimum central energy (E;/k,), will increase.

Thus, increasing the heat conduction will always reduce the efficiency of the heat engine.
Figure 14 shows the influence of heat conductivity k, on the power output P, versus efficiency », for
the ESE heat engine in intermediate operation regime. The maximum power output P . stays

unchanged as the heat conductivity k, increases. The optimum efficiency 7, corresponding to the
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maximum power output decreases while the optimum power output P, corresponding to the maximum
efficiency increases as k, increases. It is worth pointing out that the ESE heat engine model with filter

heat conduction discussed in this paper is more general than those presented in Refs. [39, 40]. The
important results in these references can be directly derived from the special case that k, = 0 in the

present paper. Setting k, = 0 in the present analysis, one can get the performance characteristics of the

ESE heat engine in the two different operation regimes without considering filter heat conduction, which
are just the results obtained in Ref. [39, 40].
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Figure 9. Influence of resonance width AE on the efficiency 7, versus central energy E. characteristic
without filter heat conduction (k, =0)

0.4
_\Eka=O_5
1) S i - - - AE/k=2.0
0.3 SRS _
A e \E/k =3.0
PN W k=15
— 02 ;i \\'-_
o .
s
¥
0.1- [
i, g
il
G
0.0 L , . 5
10 15 (ER”kB)T] 20 25 30

E /K, (K)

Figure 10. Influence of resonance width AE on the efficiency #, versus central energy E, characteristic
with filter heat conduction (k, =1.5x10™W/K )
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Figure 11. Power output P versus efficiency #, characteristic in intermediate operation regime without
filter heat conduction (k, =0)
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Figure 12. Power output P versus efficiency », characteristic in intermediate operation regime with
filter heat conduction (k, =1.5x10™W/K )
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Figure 13. Influence of heat conductivity k, on the efficiency #, versus central energy E, characteristic
for given resonance width AE/k, =2.0K
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Figure 14. Influence of heat conductivity k, on the power output P, versus efficiency 7, characteristic
for the ESE heat engine in intermediate operation regime with AE/k, =2.0K .

5. Conclusions

A model of an energy selective electron (ESE) heat engine with filter heat conduction via the propagation
of phonons is proposed in this paper. The general expressions for power output and efficiency of the ESE
heat engine are derived for the maximum power operation regime and the intermediate operation regime,
respectively. The optimum performance and the optimal operation regions in the two different operation
regimes of the ESE heat engine are analyzed by detailed numerical calculations. Results of numerical
calculations show that, in maximum power operation regime, due to the existence of energy filter heat
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conduction, the power versus efficiency characteristic curve changes from parabolic-like one (without
filter heat conduction) to a loop-shaped one (with filter heat conduction), and the optimum regions of
power output and efficiency should be P, , £ P £ P, and 7,, <7, < While in intermediate

m, max Um,max "
operation regime, the power versus efficiency characteristic curves are always loop-shaped ones and the
heat conduction of the filter does not change the shape of characteristic curves. The optimum regions of

power output and efficiency in intermediate regime should be B, £ R£ R, and 7, <7 <7, . The

influences of filter heat conduction and the temperature of hot reservoir on the performance of the ESE
heat engine are also analyzed. It is shown that, in both operation regimes, the power output will not be
affected while the efficiency will be reduced by the filter heat conduction; both power output and
efficiency will increase as the temperature of hot reservoir increases. In intermediate operation regime,
the resonance width also has significant influence on the performance of the ESE heat engine. The
maximum power output will increase as resonance width increases no matter the filter heat conduction is
considered or not. The efficiency will decrease as resonance width increases when the filter heat
conduction is not considered, but it will first increase and then decrease as resonance width increases
when the filter heat conduction is considered. The results obtained herein have theoretical significance
for understanding and improving the performance of practical electron energy conversion systems.
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Nomenclature

E energy of electrons (J) Greek symbols

eV, bias voltage n  efficiency

f fermi distribution of electrons #  chemical potential (J)

g a defined function

h Plank constant Subscripts

Kg Boltzmann’s constant C  cold electron reservoir

k, thermal conductivity of the filter (W/K) Ce cold reservoir

P power output (W ) f  filter

q rate of heat transfer over a small energy range € (W) | H  hot electron reservoir

Q rate of heat transfer (W ) He hot reservoir

T temperature (K ) [ intermediate operation regime
AE  resonance width (J) m  maximum power operation regime
6k a narrow energy range (J)
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